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Abstract 

Background: The study of coffee polysaccharides-degrading enzymes from the coffee berry borer Hypothenemus 
hampei, has become an important alternative in the identification for enzymatic inhibitors that can be used as an 
alternative control of this dangerous insect. We report the cloning, expression and biochemical characterization of a 
mannanase gene that was identified in the midgut of the coffee berry borer and is responsible for the degradation 
of the most abundant polysaccharide in the coffee bean. 

Methods: The amino acid sequence of HhMan was analyzed by multiple sequence alignment comparisons with 
BLAST (Basic Local Alignment Search Tool) and CLUSTALW. A Pichia pastoris expression system was used to express 
the recombinant form of the enzyme. The mannanase activity was quantified by the 3,5-dinitrosalicylic (DNS) and 
the hydrolitic properties were detected by TLC. 

Results: An endo-1,4-(3-mannanase from the digestive tract of the insect Hypothenemus hampei was cloned and 
expressed as a recombinant protein in the Pichia pastoris system. This enzyme is 56% identical to the sequence of 
an endo-(3-mannanase from Baci/lus circulans that belongs to the glycosyl hydrolase 5 (GH5) family. The purified 
recombinant protein (rHhMan) exhibited a single band (35.5 kDa) by SDS-PAGE, and its activity was confirmed by 
zymography. rHhMan displays optimal activity levels at pH 5.5 and 30°C and can hydrolyze galactomannans of 
varying mannose:galactose ratios, suggesting that the enzymatic activity is independent of the presence of side 
chains such as galactose residues. The enzyme cannot hydrolyze manno-oligosaccharides such as mannobiose and 
mannotriose; however, it can degrade mannotetraose, likely through a transglycosylation reaction. The K m and k cat 
values of this enzyme on guar gum were 2.074 mg mL 1 and 50.87 s" 1 , respectively, which is similar to other 
mannanases. 

Conclusion: This work is the first study of an endo-1,4-(3-mannanase from an insect using this expression system. 
Due to this enzyme's importance in the digestive processes of the coffee berry borer, this study may enable the 
design of inhibitors against endo-1,4-(3-mannanase to decrease the economic losses stemming from this insect. 
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Background 

As an extension of previous study on different glycosyl 
hydrolase (GHs) enzymes that are secreted in the digestive 
system from coffee berry borer Hypothenemus hampei, 
this investigation is concerned with an specific GHs, 
an endo-l,4-p-mannanase (EC 3.2.1.78) [1]. This enzyme 
plays an important role in the random internal hydrolysis 
of |3-mannosidic links in the main structure of mannans, 
releasing small manno-oligosaccharides (MOS) that are 
absorbed by the berry borer and used for development 
and growth. Thus, mannanases are an important inhibi- 
tory target in the design of control strategies for the coffee 
berry borer. Previous studies have relied in synthetic in- 
hibitors evaluation of this enzyme [2] . 

Mannans are a group of polysaccharides that include four 
types: linear mannans, galactomannans, glucomannans and 
galactoglucomannans [3]. These polysaccharides are struc- 
tural components of the cell walls and intracellular matri- 
ces of terrestrial and marine plants. In the coffee bean 
(Coffea sp.), a crop that provides sustenance to approxi- 
mately half a million families of growers in Colombia [4], 
galactomannans constitute 25% of total polysaccharides, 
which in turn represents 50% of the coffee bean's dry 
weight [5]. 

This seed is the only food source for the coffee berry 
borer (Hypothenemus hampei), which is the most detri- 
mental insect for coffee growers around the world [6]. 
Throughout its life cycle, the berry borer remains inside 
the fruit, thus making it difficult to control with insecti- 
cides or natural enemies. Searching for mechanisms that 
interfere with the insect's normal physiology may be the 
foundation for developing alternative biotechnologies for 
controlling this insect population. 

Other studies have focused on bacterial endo-l,4-|3- 
mannanases [7-9], fungi [10-12], superior plants [13] 
and mollusks [14,15]. In this article, the cloning and bio- 
chemical characterization of a recombinant endo-l,4-p- 
mannanase (rHhMan) is described for the first time for 
the H. hampei insect. Additionally, the investigation of 
this enzyme's hydrolytic properties allows characteristics 
associated with the mechanism of this enzyme to be in- 
ferred to facilitate the design of inhibitors for use in fu- 
ture control strategies. 

Results and discussion 

Sequence analysis of the HhMan 

Pfam analysis (E-value: 1.4xl0~ 34 ) indicated that the en- 
zyme belongs to the glycosyl hydrolase GH5 family, an ex- 
tensive group of enzymes that catalyze the cleavage of 
glycosidic bonds between two or more carbohydrates 
[16,17]. These results were demonstrated by multiple align- 
ment of the deduced amino acid sequence against other 
mannanases of distinct origins within this family: Bacillus 
circulans (GenBank Accession Number AAX87003.1), 



Paenibacillus polymyxa (GenBank Accession Number 
AD054643.1), Cellvibrio japonicus (GenBank Accession 
Number AA031760.1), Clostridium butyricum (GenBank 
Accession Number EEP53331.1) and Vibrio furnissii 
(GenBank Accession Number EEX39836.1), yielding per- 
centage identities (PID) of 56%, 57%, 39%, 52% and 39% 
respectively. Figure 1 shows that all of the mannanases in 
the analysis exhibit features common to the GH5 family, 
including two strictiy conserved glutamic acid residues 
that are important for catalytic activity (E147 and E242) 
by acting as nucleophiles or general acid/base catalysts, as 
well as six active site catalytic residues (R72, H108, N146, 
H212, Y214 and W272) [18-21]. 

Cloning and expression of the HhMan gene 

The HhMan gene was amplified by PCR with primers de- 
signed from the available GenBank sequence (ADF22325.1) 
and cloned in the pPICZaA vector. The coding sequence 
corresponds to a 900-bp open reading frame (ORF) for a 
300-aa protein and does not include the native signaling 
sequence. 

rHhMan was expressed as an extracellular protein in 
Pichia pastoris. The protein content in the supernatant was 
purified by affinity chromatography on Ni-NTA agarose 
with a one-step purification protocol. SDS-PAGE analysis 
demonstrated that an apparently homogeneous protein 
was obtained with an approximate molecular weight of 
35.5 kDa, corresponding to 33 kDa from the protein se- 
quence without the native signaling sequence and 2.5 kDa 
from the N-terminal polyhistidine tag (Figure 2A). The cal- 
culated molecular weight range for rHhMan (35-40 kDa) 
lies within those previously reported for other mannanases, 
such as mannanases from Solarium lycopersicon (39 kDa) 
[22], Bacillus subtilis (39.6 kDa) [9], Aplysia kurodai (40 
kDa) [23] and Cryptopygus antarcticus (40 kDa) [24] . 

The expression protocol yielded 6 mg of pure protein 
per liter of culture medium with a specific activity on guar 
gum of 1075.3 U/mg under standard assay conditions. 

Enzyme activity of the commercial enzyme was checked 
(data not shown). The enzymatic activity of rHhMan was 
evaluated by zymography assays in 1% guar gum substrate. 
The enzymatic activity was directly proportional to the en- 
zyme concentration. Figure 2B shows that the highest ac- 
tivity levels were obtained with 2 ug of enzyme, which was 
the highest concentration tested. The activity was reduced 
when a lower concentration of 1 ug was used. 

Effects of pH and temperature on enzymatic activity 

The optimal enzymatic activity of rHhMan occurred at 
pH 5.5, with 95% activity at pH 5.0 and 75% activity at 
pH 4.0, 6 and 7. The activity gradually decreased to 50% 
at pH 7.5 and 8 (Figure 3A). These results demonstrate 
that rHhMan remains stable under acidic pH conditions, 
which is in agreement with the physiological pH levels 
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Figure 1 Alignment of the deduced amino acid sequence of HhMan of Hypothenemus hampei with those of other GH5 mannanases. 

Identical or similar amino acid residues are listed in black or gray, respectively. Glutamic acid residues and the residues highly conserved of the 
active site are indicated asterisk (*) below the alignment. The regions of HhMan with secondary structure a-helices or (3-folded sheets shown on 
the alignment. 



in the digestive tract of H. hampei, which lie between pH 
4.5 and 5.2 [25]. Similarly, the intestinal pH in other cole- 
optera is between 4.5 and 5.5 [26]. Other mannanases 
from diverse fungi exhibit optimal activity at acidic pH, 
and mannanases from Aspergillus niger, A. fumigatus and 
A. oryzae are optimally active at pH 5.5, 4.5 and 4.5, re- 
spectively [10,27,28]. 

The maximum activity of rHhMan occurred at 30°C, 
and the activity was reduced to approximately 70% be- 
tween 10 and 20°C. The activity decreased substantially at 
high temperatures. At 40°C, 60% of the activity was 
conserved, while only 30% activity remained at 50°C 
(Figure 3B). These findings coincide with the reported ac- 
tivity levels in the digestive tracts of insects, with the 
highest activity between 30 and 40°C and a rapid decrease 
in the maximum activity at higher temperatures [26] . 

Hydrolytic properties 

Purified rHhMan protein can hydrolyze high-molecular 
weight polysaccharides with p-l,4-glycosidic bonds in their 



structure. Figure 4A-B shows that the main by products of 
the hydrolysis of both guar and locust bean gum are 
mannose and manno-oligosaccharides of different sizes 
(mannobiose, mannotriose and mannotetraose) after a 
15-min reaction. Similarly, other Bacillus sp. mannanases 
hydrolyze different substrates with the same structural 
characteristics of the aforementioned galactomannans [9]. 
In those reactions, the hydrolysis by products obtained can 
be used as food additives because of the prebiotic and anti- 
obesity effects that MOS have in different regions of the 
digestive tract [29]. 

The mode of action of rHhMan was analyzed by thin 
layer chromatography (TLC) with different manno- 
oligosaccharides (Figure 4C). The enzyme cannot 
hydrolyze mannobiose and mannotriose in a 24-hr incuba- 
tion. However, mannotetraose hydrolysis produces man- 
nose, mannobiose and mannotriose. This results suggest 
that probably it is a process that include a 
transglycosylation reaction in the mechanism that allows 
the enzyme to hydrolyze this manno-oligosaccharide 
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Figure 2 SDS- page, native- page and zymogram of the purified rHhMan. A) SDS-PAGE. M: Broad Range weight marker, C: Negative control 
for expression, I: Unpurified samples. FT: Fraction not retained in the matrix. Wl: wash 1, W2: wash 2, el: purified rHhMan. B) NATIVE- PAGE AND 
ZYMOGRAM Samples of pure protein (1, 1.5 y 2ug) were loaded on two native gels (12%). Left panel in absence of guar gum, the gel was stained 
with Coomassie brilliant blue R250 to visualize the band corresponing to mannanase (35.5 kDa). Right panel in the presence of 1% guar gum, the 
gel was stained with Congo red to verify the mannanase activity. 



[14,27]. In these types of enzymes, mannans must have a 
degree of polymerization of at least 4 units to achieve sig- 
nificant hydrolysis, as occurs with mannotetraose [30] . 

Additionally the knowledge of hydrolytic properties of 
this enzyme and the methodology described has been 
used to evaluate five analogues that mimic the HhMan 
substrate and function as inhibitors of the enzyme. The 
compounds were evaluated by TLC and enzymatic in- 
hibiton test. One of the tested compounds, the 4- 
nitrophenyl-thio-|3-D-mannopyranoside was identified 
as an inhibitor of HhMan. Thus, this strategy is a 
starting point for the development of new molecules to 
be used in pest control strategies to reduce the serious 
damage caused by the coffee berry borer during coffee cul- 
tivation [2]. 

Kinetic parameters 

rHhMan displayed Michaelis-Menten reaction behavior in 
guar gum substrate assays, as shown in Figure 5. This 



polysaccharide has a mannose:galactose ratio of 1.6:1 and, 
therefore, has a higher content of galactose than other 
polysaccharides in which galactose is substituted by other 
monosaccharides, such as locust bean gum (4:1) and carob 
gum (3.76:1). Our results indicate that the affinity of 
rHhMan for the guar gum substrate (K m = 2.074 mg ml" 1 ) 
is similar to that reported for other mannanases for locust 
bean gum (K m =2.0 mg ml" 1 ) and carob gum (K m = 2.2 mg 
ml" ) substrates. These data suggest that enzymatic activity 
is not affected by the presence of side chains such as gal- 
actose residues. In addition, rHhMan displays a higher af- 
finity for guar gum than the mannanases of Aspergillus 
niger and Bacillus subtilis WY34 (K m = 7.7 mg ml" 1 and 
27.4 mg ml" 1 , respectively) [9,17]. 

The catalytic rate, k cat , for rHhMan is 50.87 s" , which 
is greater than that of the mannanase of Bacillus 
licheniformis, which has a lower catalytic potential for 
glucomannan substrates (k cat = 21.00 s" ), locust bean 
gum (k cat = 31,20 s" 1 ) and D-mannan (k cat = 18.2 s" 1 ) [31]. 
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Figure 4 Thin layer chromatography (tic) of the hydroiytic products generated by rhhman on Mannans and Manno-oligosaccharides. 

The reactions in the substrates respectives in 0,1 M sodium citrate buffer (pH 5.5) with 0,4 ug of rHhMan were incubated at 30°C for 24 hours. 
2 ul of each reaction were analized by TLC. The substrates were A) Guar gum, B) Locust vean, C) Manno- oligosaccharides: mannobiose, 
mannotriose and mannotetraose and D) Manno-oligosaccharides: Mannopentose. The incubation time was shown (minutes and hours). The standar was 
a mix of mannose and manno- oligosaccharides where M1 is mannose; M2, mannobiose; M3, mannotriose; M4, mannotetraose y M5 mannopentose. 



Aguilera-Galvez et al. BMC Research Notes 2013, 6:333 
http://www.biomedcentral.eom/1756-0500/6/333 



Page 6 of 8 




0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 05 10 15 20 2.5 3.0 3.5 4.0 

Substrate Concentration (uM) 1/ Substrate Concentration (uM) 

Figure 5 Michaelis- menten and lineweaver- burk plots of rHhMan using guar gum as substrate. A) Michaelis-Menten plot. 
B) Lineweaver-Burk plot. The measures were performed in optimum pH and temperature conditions. 



Conclusions 

This study is the first report on an insect endo-l,4-|3- 
mannanase expressed in Pichia pastoris. This enzyme 
has a molecular weight of 35.5 kDa without its native 
signaling sequence, belongs to the glycosyl hydrolase 
GH5 family and contains the eight strictly conserved 
residues found in proteins within this family. The en- 
zyme exhibits optimal activity under conditions simi- 
lar to those of the digestive tract of the coffee berry 
borer. The rHhMan protein can hydrolyze different 
galactomannans and manno-oligosaccharides that can 
be used in the pharmaceutical and food industries be- 
cause of their beneficial effects on human health. Cof- 
fee beans are the only food source for coffee berry 
borer insects, and the role that this enzyme performs 
in the utilization of galactomannan, the main polysac- 
charide found in coffee beans, makes these results a 
good starting point for designing rHhMan inhibitors. 
According with previous studies made for evaluate 
synthetic inhibitors of the enzyme, the results of this 
investigations may be used in the development of 
new molecules that could be used in pest control 
strategies that would help reduce the economic losses 
resulting from this insect. 

Methods 

Endo-1,4-p-mannanase (HhMan) protein sequence 
analysis 

The amino acid sequence of HhMan available (GenBank 
Accession Number ADF22325.1) was analyzed by multiple 
sequence alignment comparisons with BLAST (Basic Local 
Alignment Search Tool) and CLUSTALW, respectively 
[32,33]. Secondary structure prediction was performed 
with the PSIPRED server [34], and queries on protein fam- 
ily and domain information were performed with the Pfam 
database [35]. 



Cloning, expression of the endo-1,4-p-mannanase 
(HhMan) gene and purification of the recombinant 
protein (rHhMan) 

The cloning and heterologous expression of the P. 
pastoris system as well as the purification of the recom- 
binant protein were performed under the methodology 
described previously [1]. The HhMan gene was ampli- 
fied without its native signaling sequence with the 
primers Pp_Man_Fw (5 -CCGCrCG^lGAAAAGAGTA 
CCCGGATTCACGGTTTC-3 ') and Pp_Man_Rv (5 - 
TGCrCT^lGACCATTGAATATTGAACAGATTG -3 '). 
Pp_Man_Fw includes a Xhol restriction site, and 
Pp_Man_Rv includes the site for Xbal (italics). 

SDS-PAGE and zymography analysis 

An aliquot of the purified recombinant protein and the 
commercial enzyme: Rohalase e GMP used like a positive 
control of mannanase activity were analyzed by SDS- 
PAGE (12%) as described by Laemmli [36]. The bands 
were visualized by Coomassie Blue R-250 staining. A low- 
range molecular weight standard (BIORAD, Hercules, 
California, USA) was used as a reference marker. 

Another aliquot of protein and the positive control were 
used to assay enzymatic activity in a native PAGE, con- 
taining 1% (w/v) guar gum (Sigma, St Louis, Missouri, 
USA) as the substrate; activity was evaluated with 1, 1.5 
and 2 ug of rHhMan, at 4°C. To evaluate enzyme activity, 
the gels were incubated in 0.1 M sodium citrate buffer 
(pH 5.5) for 20 min at 30°C. Enzymatic activity was visual- 
ized by Red Congo staining as described previously [1]. 

Enzymatic assays 

The activity of the rHhMan enzyme was determined by 
the 3,5-dinitrosalicylic acid (DNS) method [37]. The 
substrate, guar gum (1%), was dissolved in 500 \A of 0.1 
M sodium citrate buffer (pH 5.5) and incubated with 
0.05 ug of rHhMan enzyme at 30°C for 30 min. 
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Rohalase'GMP was used like a positive control of 
mannanase activity. The amount of reducing sugars re- 
leased during the reaction was measured by mixing 5 ul 
of the enzymatic reaction and 5 ul of DNS solution, 
according to the methodology described by Padilla [1]. 
One unit of endo-l,4-(3-mannanase activity is defined as 
the amount of enzyme required to release 1 umol of 
reducing sugar per minute under the experimental 
conditions described with D-mannose as the standard 
substrate. 

Effect of pH and temperature on enzymatic activity 

The optimal pH for rHhMan activity was determined over 
a pH range of 3.5 to 8.0 under standard assay conditions 
with two buffering systems: 0.1 M sodium citrate (pH 3.0 - 
6.0) and 0.1 M potassium phosphate (pH 6.0 - 8.0). 

The effect of temperature on rHhMan activity was mea- 
sured by incubating 0.05 ug of enzyme with 1% guar gum 
substrate in 0.1 M sodium citrate buffer (pH 5.5) at differ- 
ent temperatures between 10 and 60°C. The enzymatic ac- 
tivity was evaluated under standard assay conditions. 

Hydrolytic properties 

Fractions of 0.4 ug rHhMan were added to 0.5% guar gum 
and locust bean gum solutions (Sigma, St Louis, Missouri, 
USA) in 0.1 M sodium citrate buffer (pH 5.5). Reactions 
were incubated at 30°C for 24 hr. Aliquots were collected 
at 0, 15, and 30 min time points as well as at 12 and 24 hr, 
and they were then heated at 100°C for 5 min. Hydrolysis 
byproducts were separated on 60F 254 silica plates 
(Merck, Darmstadt, Germany) with chloroform: ethyl 
acetate: n-propanol: water (0.2:1:1.5:0.5 v/v) and detected 
by sulfuric acid aspersion in 5% ethanol, followed by 
heating at 100°C for 5 min. 

To determine the mode of action of the enzyme, 0.4 ug 
of rHhMan was added to 25 mM mannobiose, man- 
notriose and mannotetraose mannooligosaccharide solu- 
tions in 0.1 M sodium citrate buffer (pH 5.5). The 
reactions were incubated at 30°C for 24 hr, and aliquots 
were collected at different time points and heated at 100°C 
for 5 min. The hydrolysis products were separated on silica 
plates as previously described. A mannooligosaccharide 
mix of mannose, mannobiose, mannotriose, mannotetraose 
and mannopentose (Megazyme, Co., Wicklow, Ireland) 
was used as a standard. 

Kinetic parameters 

To determine the kinetic parameters K m and V max , guar 
gum substrate was used in a concentration range of 2.5 
to 35 mg ml" 1 in 0.1 M sodium citrate buffer (pH 5.5). 
The reaction velocity was determined in triplicate for 
each substrate concentration. The data were fitted to a 
nonlinear regression model of the Michaelis-Menten 



equation with Prism software (GraphPad Software, San 
Diego, California, USA). 
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